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APPARATUS FOR CONDUCTING 
HIGH-TEMPERATURE LIQUID 
CHROMATOGRAPHY ANALYSIS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This is a divisional application of the application Ser. No. 
09/967,066, filed Sep. 28, 2001 now U.S. Pat. No. 6,601, 
438, entitled “APPARATUS FOR CONDUCTING HIGH 
TEMPERATURE LIQUID CHROMATOGRAPHY 
ANALYSIS', the contents of which are herein incorporated 
in their entirety. 
FIELD OF THE INVENTION 

The present invention relates to liquid chromatography 
Systems generally, and more particularly to Systems for 
conducting chromatographic analysis at high temperatures. 
This invention also relates to methods for performing chro 
matographic analysis on liquid Samples at elevated or high 
temperatures. 

BACKGROUND OF THE INVENTION 

A number of liquid chromatography Systems are in use 
today, which Systems utilize a variety of configurations 
Specifically tailored to particular chromatographic applica 
tions. In many of Such applications, elevated temperatures 
have been determined to be helpful in the elution of liquid 
Samples in mobile phases. As a general matter, increased 
temperature of the liquid mobile phase correspondingly 
lowerS mobile phase Viscosity, which allows an increased 
mobile phase flow rate through the liquid chromatography 
System while maintaining desired chromatographic analysis 
attributes. As a result, a number of liquid chromatography 
Systems in use today utilize heating means for elevating the 
mobile phase temperature as the mobile phase is directed 
through the System. 

Liquid chromatography heating instrumentation and 
design has typically been confined to the temperature range 
of ambient to 60° C., and flow rates from Zero to three 
milliliters per minute, as dictated by the particular materials 
making up the chromatographic Systems. A specific limita 
tion to existing chromatographic Systems for processing 
mobile phase Streams at elevated temperatures is the packing 
material utilized in the liquid chromatography columns. 
Such packing material is typically a Silica or less typically a 
polymer-based material. Silica-based materials are chemi 
cally and thermally unstable at temperatures above 100 C., 
while polymeric materials tend to Swell or change shape 
causing problems in use. Therefore, more temperature 
resistant materials must be utilized in order to allow chro 
matographic analysis of liquid mobile phases above 60 C. 
An example of Such a thermally-stable material is Zirconia 

which provides relatively stable analytical Separations at 
temperatures even in excess of 200 C. In fact, recent tests 
have demonstrated that packing materials utilizing Zirconia 
as the Substrate material are chemically and thermally stable 
at temperatures approaching the critical point of water (375 
C.). 
The Significantly raised temperature limits of the mobile 

phase in liquid chromatography Systems made possible by 
Such packing materials provide a number of advantages over 
typical, relatively low-temperature (<60 C.) chromatogra 
phy Systems. For example, high-temperature mobile phase 
liquids reflect a correspondingly lower Viscosity, Such that 
flow rate through the chromatographic column may be 
increased while maintaining a Substantially laminar flow 
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2 
regime. In addition, advantageous Solvent properties may be 
realized at Such elevated or high temperatures. Water, for 
example, increasingly resembles an organic Solvent as tem 
perature increases toward the critical temperature of water. 
In fact, recent tests and calculations indicate that at 250 C., 
water exhibits Solvent properties approaching those of the 
pure organic Solvents most commonly used in liquid chro 
matography applications, Such as methanol and acetonitrile. 
Thus, in reversed phase applications, the transfer of the 
Solute from pure water to the Stationary phase at high 
temperature (200° C.) resembles that of the transfer of a 
Solute from a pure organic eluent to the Stationary phase at 
25 C. The use of only water as a mobile phase is environ 
mentally and economically highly desirable. Further, the 
decrease in viscosity of water attemperatures above 100° C. 
may be exploited by Substantially increasing mobile phase 
flow rates, as compared to Standard temperature chromato 
graphic Systems, thereby Substantially decreasing analysis 
time. Such flow rate increases are made possible by the 
lower Viscosity which correspondingly decreases the back 
preSSure of the mobile phase within the chromatographic 
column. The decreased back pressure allows increased 
throughput flow rate without exceeding the mechanical 
preSSure limits of the liquid chromatograph pumping Sys 
tem. A further advantage of high-temperature chromatogra 
phy is providing the analyst additional means to optimize 
Sample separation and increase resolution of various ana 
lytes. 

Chromatographic heating Systems in use today, however, 
are generally operated below 60 C., and as Such have a 
number of disadvantages which compromise the overall 
efficacy of Such high-temperature liquid chromatography. 
Some existing Systems utilize conductive or convective 
heating to the chromatographic column to impart heat 
energy to the mobile phase for elevated temperature analysis 
of Samples dissolved therein. Such techniques fail to prop 
erly “pre-heat” the mobile phase prior to admission into the 
chromatographic column, whereby mobile phase tempera 
ture profiles are created radially and axially within the 
chromatographic column. Mobile phase temperature profiles 
are, in general, undesired in liquid chromatography 
applications, as Such temperature profiles typically result in 
peak broadening. 
Some chromatographic heating Systems utilize a radiant 

or convective oven in which Some of the chromatographic 
instruments are placed for elevating the temperature of the 
mobile phase being transported to the column. Such Ovens 
are typically relatively large in Volume to encompass at least 
a portion of the chromatographic System in a heated 
environment, and have varied Success in elevating respec 
tive temperatures uniformly. For example, the desired tem 
perature may not be reached in all locations within the oven, 
Such that the temperature within respective chromatographic 
instruments may vary depending upon their positions within 
the oven. In addition, the temperature within the chromato 
graphic column can vary both radially and axially, due to 
differences in temperature of the incoming mobile phase as 
compared to that of the oven. A common problem experi 
enced with oven heating Systems is the column temperature 
varying from the desired temperature Set point, due either to 
temperature gradients within the oven or slow thermal 
equilibration of the column under actual operating condi 
tions. 
One method utilized to minimize Such temperature gra 

dient conditions is the use of pre-heater devices for elevating 
the temperature of the mobile phase before directing the 
mobile phase into the chromatographic column. Such pre 
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heaters may be in a variety of forms, though most typically 
a means for imparting a pre-determined amount of heat 
energy through conductive or convective means is utilized. 
Because Such pre-heaters are typically programmed to pro 
vide a pre-defined amount of heat energy to the mobile 
phase, adjustment for varying environmental conditions and 
incoming mobile phase temperatures for elevating the 
mobile phase to a desired temperature Set point is not well 
accomplished by existing Systems. Furthermore, Such pre 
heaters are typically not optimized to deliver the heated 
mobile phase to the chromatographic column at a tempera 
ture consistent with gradient-free adiabatic conditions 
within the column. 

It is therefore a principle object of the present invention 
to provide a System for performing liquid chromatographic 
analysis at elevated temperatures, wherein temperature gra 
dients in the chromatographic column are minimized. 

It is another object of the present invention to provide a 
chromatographic System for analyzing Samples in mobile 
phases heated above 100 C. 

It is a further object of the present invention to provide a 
high-temperature chromatographic System which utilizes 
heated mobile phases in a Substantially adiabatic environ 
ment through a chromatographic column. 

It is a yet further object of the present invention to provide 
a high-temperature liquid chromatography System in which 
external energy required to Sufficiently heat the mobile phase 
is minimized. 

It is a still further object of the present invention to 
provide a high-temperature liquid chromatography System 
having counter-flow heat eXchange means for utilizing heat 
energy Stored in mobile phase exiting the chromatographic 
column. 

It is another object of the present invention to provide a 
load-responsive System which is capable of dynamically 
adjusting energy input at various locations in the System to 
achieve desired Set point temperatures in various mobile 
phase flow regimes. 

Another object of the present invention is to provide a 
high-temperature liquid chromatography apparatus having 
one or more temperature-control means for maintaining 
respective chromatographic instruments at desired tempera 
ture Set points. 

It is a still further object of the present invention to 
provide a liquid chromatography System having temperature 
Stabilizing means operably coupled to a chromatographic 
column for maintaining a Substantially adiabatic environ 
ment between the column and the heated mobile phase 
passing therethrough. 

It is a further object of the present invention to provide a 
liquid chromatographic System having one or more 
temperature-Sensing means for regulating various tempera 
tures in the System, including the elevated-temperature 
mobile phase. 

It is a still further object of the present invention to 
provide a high-temperature liquid chromatography System 
utilizing, in combination, a counter-current heat eXchanger 
placing inlet and outlet mobile phase in thermal contact with 
one another, a pre-heater apparatus for elevating the inlet 
mobile phase to a desired Set point temperature, and a 
temperature Stabilizing device operably coupled to a respec 
tive chromatographic column for maintaining a Substantially 
adiabatic environment between the column and the mobile 
phase passing therethrough, Such that temperature gradients 
within the column are minimized. 
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4 
SUMMARY OF THE INVENTION 

By means of the present invention, an improved high 
temperature liquid chromatography apparatus is provided 
for analyzing Samples utilizing or dissolved within liquid 
mobile phases subcritical at temperatures in excess of 100 
C. The system of the present invention is preferably con 
figured to minimize temperature gradients within the chro 
matographic column, Such that a Substantially adiabatic 
environment is obtained between the column and the 
elevated-temperature mobile phase passing therethrough. 
By performing Such liquid chromatography at temperatures 
exceeding 100° C., it has been found that it is possible to 
decrease the proportion of organic Solvents in aqueous 
mobile phases, or, depending on the Sample, utilize water as 
a Sole Solvent in the mobile phase, which correspondingly 
provides economic and environmental benefits over the 
existing use of organic Solvents in liquid chromatography 
applications. 
One embodiment of the System for conducting high 

temperature liquid chromatographic analysis includes a 
mobile-phase transport tube configured to operably convey 
mobile phase from a mobile phase Source to respective 
chromatographic instruments in the System, a pre-heater 
apparatus operably coupled to the mobile phase transport 
tube for heating the mobile phase to a desired temperature, 
and a chromatographic column operably coupled to, and 
disposed downstream from, the pre-heater apparatus, 
wherein the chromatographic column includes temperature 
Stabilizing means associated therewith for maintaining the 
column in a Substantially adiabatic environment with the 
mobile phase passing therethrough. The pre-heater appara 
tuS may include a conductive heating element disposed 
adjacent to the mobile phase transport tube, and one or more 
temperature Sensing means adapted to determine the tem 
perature of respective components of the pre-heater 
apparatus, as well as the mobile phase therein. The tem 
perature Sensing means are preferably operably coupled to 
temperature control means, or power input control means, 
which are adapted to regulate the power input to the heating 
element So as to maintain the respective elements at prede 
termined Set point temperatures. The chromatographic col 
umn preferably includes a column heating apparatus for 
maintaining the column at a desired Set point temperature, 
wherein the column Set point temperature is Substantially 
equal to the mobile phase temperature entering the column. 

Another embodiment of the high-temperature chromatog 
raphy System includes a mobile phase inlet conduit config 
ured to operably convey mobile phase from a mobile phase 
Source to the System, a pre-heater apparatus operably 
coupled to the mobile phase inlet conduit for heating the 
mobile phase to a desired temperature, a chromatographic 
column operably coupled to the pre-heater apparatus, 
wherein the chromatographic column includes insulation 
means for maintaining the column at a temperature consis 
tent with the mobile phase passing therethrough, and a 
mobile phase outlet conduit configured to operably convey 
the mobile phase from the column, a portion of the outlet 
conduit being disposed in propinquant relationship with a 
portion of the inlet conduit in a heat eXchange Zone, Such 
that a counter-flow heat eXchanger is created between 
respective portions of the inlet and outlet conduits in the heat 
eXchange Zone, whereby heat contained in the outlet mobile 
phase is conductively transferred to the inlet mobile phase. 
The present invention also contemplates a method for 

analyzing liquid Samples in a high-temperature chromato 
graphic environment. The method includes providing a 
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mobile phase inlet conduit configured to operably convey 
mobile phase from a mobile phase Source to respective 
chromatographic instruments, providing a pre-heater appa 
ratus operably coupled to the mobile phase inlet conduit for 
heating the mobile phase to a desired temperature, providing 
a chromatographic column operably coupled to the pre 
heater apparatus, whereby the column includes insulation 
means for maintaining the column attemperatures consistent 
with the mobile phase passing therethrough, and providing 
a mobile phase outlet conduit configured to operably convey 
the mobile phase from the column, wherein a portion of the 
outlet conduit is disposed in a thermally conductive rela 
tionship with a portion of the inlet conduit in a heat 
eXchange Zone, Such that counter-flow heat eXchanger is 
created between respective portions of the inlet and outlet 
conduits in the heat eXchange Zone. The method includes 
utilizing a mobile phase pump to inject mobile phase into the 
mobile phase inlet conduit and through respective chromato 
graphic instruments, and allowing heat to dissipate into the 
inlet mobile phase from the outlet mobile phase in the heat 
eXchange Zone through conductive heat transfer. The mobile 
phase is then further heated in the pre-heater apparatus to a 
first pre-determined Set point, and thereafter the Sample 
dissolved within the mobile phase is chromatographically 
Separated in the column at an elevated temperature of at least 
100° C., which elevated temperature is maintained in a 
Substantially adiabatic State throughout an entire length of 
the column. The mobile phase is then cooled in the heat 
eXchange Zone through conductive heat transfer to the inlet 
mobile phase. The cooled and chromatographically Sepa 
rated Sample is then analyzed in an appropriate chromato 
graphic detector downstream from the heat eXchange Zone. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 a Schematic diagram showing core components of 
one embodiment of the present invention. 

FIG. 2 is a Schematic diagram showing core components 
of an alternate embodiment of the present invention. 

FIG. 3 is a Schematic diagram showing the core compo 
nents of a Second alternate embodiment of the present 
invention. 

FIG. 4 is a block diagram illustrating an electrical control 
mechanism for the pre-heater heating element of the present 
invention. 

FIG. 5 is a block diagram illustrating an electrical control 
mechanism for controlling the thermal Shield heater in the 
column apparatus of the present invention. 

FIG. 6 is a partial cross-sectional view of one embodiment 
of the present invention. 

FIG. 7 is a partially cut-away end view of the embodiment 
illustrated in FIG. 6. 

FIG. 8 is a Schematic diagram illustrating an overall 
chromatographic System in accordance with the present 
invention. 

FIG. 9 is a Schematic diagram illustrating an alternative 
embodiment of a chromatographic System in accordance 
with the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The objects and advantages enumerated above together 
with other objects, features, and advances represented by the 
present invention will now be presented in terms of detailed 
embodiments described with reference to the attached draw 
ing figures which are intended to be representative of 
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6 
various possible configurations of the invention. Other 
embodiments and aspects of the invention are recognized as 
being within the grasp of those having ordinary skill in the 
art. 

Referring now by characters of reference to the drawings, 
and first to FIG. 1, a chromatographic heating System 10 is 
shown. System 10 preferably includes a mobile phase inlet 
conduit 12 for conveying mobile phase from a Source (not 
shown) to respective liquid chromatography instruments. 
Conduits for transporting the mobile phase through System 
10 are preferably durable and are relatively immune to 
degradation effects caused by various mobile phases passing 
therethrough. Such conduit materials include, for example, 
Stainless Steel, titanium, Hastelloy C-22, or any other mate 
rial resistant to degradation or other reactive conditions. 
As shown in FIG. 1, mobile phase inlet conduit 12 is 

directed through a pre-heater apparatus 14, which pre-heater 
apparatus 14 is configured to impart heat energy to the 
mobile phase passing there through. In preferred 
embodiments, pre-heater apparatus 14 includes a conductive 
heating means 16 disposed adjacent to, and in thermal 
contact with inlet conduit 12. Pre-heater apparatus 14 is thus 
preferably a conductive heater disposed at least partially 
circumferentially about inlet conduit 12 for conductively 
heating the mobile phase flowing through conduit 12. Heat 
transfer is therefore preferably obtained from heating means 
16 to the thermally-conductive conduit 12, and additionally 
to the mobile phase within conduit 12. 

Heating means 16 of pre-heater apparatuS 14 is preferably 
a length of thermally conductive material, which is operably 
coupled to power input means, Such as electrical wires or the 
like. The materials making up heating means 16 are prefer 
ably configured to convert electrical input into heat energy, 
which is easily dissipated to conduit 12. In preferred 
embodiments, heating means 16 is both physically and 
thermally coupled to interiorly-disposed mobile phase con 
duit 12 via a thermally-conductive adhesive or solder. In 
preferred embodiments, however, the solder utilized to braze 
heating means 16 to conduit 12 comprises a mixture of 
Silver, copper, and Zinc, but may comprise any materials 
Suitable as a bonding Solder which desirably has a melting 
point above 250° C. 

Heating means 16 may reflect a variety of configurations, 
though the configuration illustrated in FIG. 1 is most 
preferred, with heating means 16 at least partially Surround 
ing mobile phase conduit 12 for conductive heating thereto. 
Heating means 16 is preferably any relatively thin device 
which is capable of converting electrical input to thermal 
energy with a relatively high degree of efficiency. In pre 
ferred embodiments, heating means 16 is about 90% effi 
cient in transferring 50 watts of energy to the mobile phase. 
In Some embodiments, heating means 16 is configured to 
impart up to 150 watts of energy to the mobile phase, though 
embodiments having greater energy transfer rates are con 
templated as well. The length of heating means 16 disposed 
along mobile phase conduit 12 is preferably Sufficient to 
impart a desired amount of thermal energy to the mobile 
phase being heated thereby. In a particular embodiment, 
pre-heater apparatus 14 is configured to provide Sufficient 
energy to heat 5 ml/min of mobile phase from ambient to 
between 200 and 250° C. 

Pre-heater apparatus 14 preferably includes insulation 
material 18 surrounding heating means 16. As shown in FIG. 
1, insulation material 18 preferably circumferentially Sur 
rounds heating means 16 to thereby inhibit thermal energy 
losses to the environment. Insulation material 18 may be 
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comprised of a variety of thermally insulative materials, and 
is most preferably a fiberglass or other mineral-based mate 
rial. Other insulative materials may be utilized in insulation 
layer 18 which are suitable for thermal insulation properties 
at high-temperature conditions, Such as foamed polymers 
including Silicone and poly-imide. 
A transfer portion 22 of mobile phase conduit 12 prefer 

ably conveys the mobile phase from pre-heater apparatuS 14 
to a chromatographic column apparatus 30. Transfer portion 
22 of conduit 12 is preferably short in length to minimize 
thermal losses through conduit wall 12 to the environment. 
Transfer portion 22 of the conduit 12 preferably conveys the 
mobile phase to an inlet 34 of column 32. 

Chromatographic column apparatus 30, as shown in FIG. 
1, includes a column which is preferably adapted for use in 
liquid chromatography applications, whereby appropriate 
packing materials useful in causing chromatographic Sepa 
rations of liquid Samples are contained within column 32. 
Column apparatus 30 of the present invention preferably 
includes a column thermal shield heater 36 disposed at least 
partially around column 32. In preferred embodiments, an 
internal insulation layer 38 proximately Surrounds column 
32, and is disposed between column 32 and thermal shield 
heater 36. In other embodiments, however, thermal shield 
heater 36 may be disposed directly adjacent to column 32 
without internal insulation layer 38 disposed therebetween. 
Internal insulation layer 38 may comprise any thermally 
insulative material, though a fiberglass or other mineral 
based insulation, or other Suitable high-temperature foamed 
polymer Such as Silicone or poly-imide is particularly desir 
able for insulating chromatographic instruments of the 
present invention. 

In preferred embodiments of the present invention, col 
umn apparatus 30 is configured Such that column 32 main 
tains a constant temperature throughout its length, which 
temperature is consistent with the temperature of the mobile 
phase at inlet 34. In Such a manner, column apparatus 30 
maintains a Substantially adiabatic environment between 
column 32 and the mobile phase passing therethrough. To 
maintain Such a constant temperature throughout the column 
length, thermal Shield heater 36 is disposed at least partially 
circumferentially around column 32 for maintaining column 
32 itself at a temperature Substantially equal to the mobile 
phase therewithin, as well as to replace thermal energy lost 
from the mobile phase and from column 32 to the environ 
ment. As such, thermal shield heater 36 preferably com 
prises a thermally conductive material in the form of a 
heating jacket at least partially encompassing column 32, 
which thermally-conductive material is operably coupled to 
power input means, Such as electrical wires. In a particular 
example, thermal Shield heater 36 comprises a copper jacket 
operably coupled to electrical wires, which connect heater 
36 to a power Source (not shown). In operation, the power 
input acts to elevate the temperature of thermal Shield heater 
36, such that conductive heat transfer to column 32 may be 
accomplished. 

In preferred embodiments, an external insulation layer 40 
at least partially surrounds thermal shield heater 36 for 
thermally insulating heat generated thereby. Heat losses to 
the environment from thermal shield heater 36, column 32, 
and the mobile phase are preferably minimized by effec 
tively isolating the high-temperature elements of the present 
invention from the ambient environment. Therefore, exter 
nal insulation layer 40 preferably provides a high degree of 
insulative properties to column apparatuS 30. 
Column apparatuS 30 is preferably configured Such that a 

Substantially adiabatic environment is created between col 
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8 
umn 32 and the mobile phase passing therethrough, though 
embodiments adding heat from thermal shield heater 36 to 
the mobile phase are also contemplated by the present 
invention. In Such a manner, the temperature of the incoming 
mobile phase at inlet 32 is desirably maintained throughout 
the entire length of column 32. Therefore, heat content 
within thermal shield heater 36 is only maintained, and not 
added to. To facilitate the maintenance of a Substantially 
adiabatic environment, a mobile phase temperature probe 42 
is provided adjacent to column inlet 34 for determining the 
temperature of the incoming mobile phase. Mobile phase 
temperature probe 42 is preferably operably coupled to a 
power input controller, which controls the power input to 
thermal Shield heater 36. AS Such, mobile phase temperature 
probe 42 assists in adjusting the power input to thermal 
shield heater 36 to thereby maintain column 32 at a tem 
perature Substantially equal to the mobile phase throughout 
an entire length of column 32. Mobile phase temperature 
probe 42 is preferably a typical thermocouple-type device, 
which is adapted to measure temperature and deliver a 
corresponding electrical Signal to the operably coupled 
power input controller. Most preferably, mobile phase tem 
perature probe 42 is disposed adjacent to inlet 34 of column 
32, Such that temperature gradients within column 32 are 
minimized throughout an entire length thereof. 

In Some embodiments of the present invention, mobile 
phase temperature probe 42 may comprise transfer portion 
conduit 22 itself, in that the material comprising the tubing 
may act as at least a portion of a thermal couple-type device. 
In Such a manner, the length of conduit 22 may be corre 
spondingly minimized So as to reduce heat loSS to the 
environment prior to entering column apparatus 30. 
Means are preferably provided for allowing system 10 to 

be "load responsive', in that the amount of heat energy 
Supplied to respective heating elements in System 10 is 
calibrated for mobile phase flow rate and composition. 
Through Such load response means, System 10 automatically 
and dynamically adjusts heat input to accomplish desired 
temperature Set points for inputted mobile phase flow rate 
and composition characteristics. 

In preferred embodiments, column apparatus 30 of the 
present invention further includes a thermal Shield tempera 
ture probe 44 operably coupled to thermal shield heater 36 
and the power input control means (not shown). Thermal 
Shield temperature probe 44 is preferably adapted to deter 
mine the temperature of thermal shield heater 36 to thereby 
provide the power input control means with information 
relevant to maintaining a Substantially adiabatic environ 
ment between column 32 and the mobile phase passing 
therethrough. Preferably, thermal shield temperature probe 
44 is adapted to deliver electrical impulse information 
generated by a thermocouple-type device making up tem 
perature probe 44, which electrical impulses are interpreted 
by the power input control means to correspondingly adjust 
the power input to thermal shield heater 36. Preferably, 
thermal shield temperature probe 44 is disposed distally 
from mobile phase temperature probe 42, Such that tempera 
ture gradients within column apparatus 30 may be corre 
spondingly minimized. 
As shown in FIG. 1, mobile phase outlet conduit 24 

preferably conveys the mobile phase exiting column appa 
ratus 30 to further respective chromatographic instruments, 
including a chromatographic detector (not shown). Mobile 
phase outlet conduit 24 is preferably fabricated from the 
Same material as used in inlet conduit 12 and transfer portion 
22, Such that consistent, if any, effects on the mobile phase 
due to interaction with respective conduits may be main 
tained. 
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With attention now being drawn to FIG. 2, a system 70 
which is similar to the system 10 illustrated in FIG. 1 is 
shown. Chromatographic System 70, however, includes a 
counter-flow heat eXchanger 72 which is configured to 
transfer heat from the outlet mobile phase in outlet conduit 
76 to the inlet mobile phase passing through inlet conduit 78. 
Preferably, outlet conduit 76 and inlet conduit 78 are dis 
posed in thermal contact in heat eXchanger 72. Most 
preferably, Such mobile phase conduits are bonded together 
in heat eXchanger 72 by a thermally-conductive adhesive or 
Solder, Such as a Solder mixture of Silver and copper having 
a melting point above 250 C., though other bonding means 
are also contemplated by the present invention. In Such a 
manner, heat content Stored in the outlet mobile phase and 
outlet conduit 76 may be effectively transferred to inlet 
mobile phase and inlet conduit 78 in heat exchanger 72. 
Through Such a heat eXchange method, incoming mobile 
phase is heated before entering respective chromatographic 
instruments while the outgoing mobile phase is correspond 
ingly cooled prior to analysis in the chromatographic detec 
tor (not shown). Since mobile phase contents and flow rates 
in inlet conduit 78 and outlet conduit 76 are substantially 
Similar, heat transfer characteristics are symmetrical, Such 
that temperature gained by the inlet mobile phase is equally 
offset by the temperature lost in the outlet mobile phase 
Stream. 

In preferred embodiments of the present invention, heat 
eXchanger 72 includes an insulation layer 80 at least par 
tially Surrounding the coupled mobile phase conduits. Insu 
lation layer 80 is preferably configured to minimize heat 
losses to the environment, and instead focus the heat transfer 
from the outlet mobile phase and outlet conduit 76 to the 
inlet mobile phase in inlet conduit 78. 

Heat eXchanger 72 acts to minimize the input heat energy 
required of the pre-heater apparatus, as well as the thermal 
Shield heater, by initially elevating mobile phase tempera 
ture through heat transfer principles from the outlet mobile 
phase Stream. In addition, the outlet mobile phase Stream is 
correspondingly cooled from the elevated temperature of 
within the chromatographic column, Such that the mobile 
phase is introduced to the chromatographic detector at an 
appropriate temperature. 
The embodiment illustrated in FIG. 3 depicts a system 90 

similar to those shown in FIGS. 1 and 2, which system 90 
includes a heat eXchanger 92 for exchanging heat between 
outlet mobile phase and inlet mobile phase Streams. System 
90 further includes a pre-heater temperature probe 94 which 
is operably coupled to heating means 96 and power input 
control (not shown). Temperature probe 94 preferably moni 
tors the temperature of heater device 96 by means of a 
thermocouple-type device which provides electrical impulse 
information to the power input control means based upon the 
temperature Sensed. In Such a manner, temperature probe 94, 
in combination with power input control means, has the 
capability to maintain heating means 96 at a desired Set point 
temperature, and correspondingly maintain the mobile phase 
passing therethrough at a desired temperature. 

In Some embodiments of the present invention, a mobile 
phase temperature probe may be utilized in combination 
with, or individually, in the pre-heater apparatus of the 
present invention. Such a mobile phase temperature probe 
preferably functions to direct electrical temperature infor 
mation to a power input control means whereby energy 
directed to the mobile phase heating means may be corre 
spondingly adjusted to maintain the temperature of the 
mobile phase exiting the pre-heater apparatus at a desired Set 
point. In particular embodiments, the temperature of the 
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mobile phase exiting the pre-heater apparatus is slightly 
higher than the Steady-state mobile phase temperature 
desired during analysis in the chromatographic column. 
Such temperature control of the mobile phase at multiple 
distinct points throughout the System of the present inven 
tion may be accomplished through the utilization of one or 
more of the above-described temperature probes. Such tem 
perature probes, operating in combination, provide the infor 
mation necessary for a power input control means to oper 
ably adjust power directed to respective System heaters to 
maintain temperatures at desired Set points. Therefore, the 
temperature probe devices described above, as well as a 
variety of other temperature probes may be utilized and 
distributed throughout the System of the present invention to 
desirably maintain elevated temperatures of both the mobile 
phase and respective chromatographic instruments through 
out the System. 

FIGS. 4 and 5 represent exemplary block diagrams illus 
trating electrical control means for electrically controlling 
power input to the pre-heater apparatus and the column 
thermal shield heater, respectively. FIG. 4 illustrates an 
electrical control design for the pre-heater apparatus, includ 
ing an optional integrator mechanism, which may be 
included in particular applications of the invention. FIG. 5 
illustrates electrical temperature control means coupled to 
the thermal shield heater of the chromatographic column 
apparatus. As shown in FIG. 5, the thermal shield heater of 
the present invention may be divided into a plurality of 
heating Zones, which may or may not be individually 
controlled by distinct electrical control Sequences. In other 
embodiments, electrical control of the thermal shield heater 
may be driven by fewer or more distinct control Sequences 
than that shown in FIG. 5. In particular applications of the 
present invention, the power applied to respective heating 
elements may be proportional to the mobile phase flow rate 
passing therethrough. In Such circumstances, one or more of 
the heating elements may be heated by pulsed energy inputs. 
To accurately apply Such pulsed power, the mobile phase 
residence time between respective temperature Sensing 
devices may be timed Such that the power input necessary 
may be calculated as inversely proportional to the mobile 
phase residence time therein. 

FIG. 6 illustrates a cross-sectional view of one embodi 
ment of the System of the present invention. Heating System 
102, as illustrated in FIG. 6, shows mobile phase inlet and 
outlet ports 104, which inlet and outlet ports 104 commu 
nicate with additional components of a liquid chromatogra 
phy system. Inlet conduit 106 and outlet conduit 108 are 
placed in isolated thermal contact with one another in heat 
eXchanger 110. In Such a manner, inlet mobile phase flowing 
through conduit 106 is heated prior to introduction into 
pre-heater apparatuS 112. Pre-heater apparatus 112 provides 
thermal energy transferred to the inlet mobile phase through 
preferably conductive heat transfer means. Thermal energy 
is provided to the mobile phase via a thermally conductive 
Strip 114 Such as aluminum or copper, which Strip 114 is 
conductively heated by a cartridge heater 116 disposed 
adjacent thereto. Cartridge heater 116 is preferably operably 
coupled to an electrical connector device 120 via electrical 
wire 118 or the like. Pre-heated mobile phase is then 
transported via conduit 106 through various coupling means 
to chromatographic column 124. In a particular embodiment 
of the present invention, a guard column 128 is provided for 
regulating mobile phase flow into column 124. 

FIG. 7 illustrates a cut-away end view of system 102, as 
illustrated in FIG. 6. As can be seen more clearly in FIG. 7, 
cartridge heater 116 preferably includes a heated core Sur 



US 6,666,074 B2 
11 

rounded by a thermally conductive material, Such as copper 
or aluminum. Heater Strip 114 is positioned immediately 
adjacent to cartridge heater 116, Such that conductive heat 
transfer is efficiently accomplished. Conduits 106 and 108 
are shown in FIG. 7 as being in thermal contact adjacent to 
heater Strip 114. A variety of other heat transfer configura 
tions are contemplated by the present invention. 
As illustrated in FIG. 7, system 102 may comprise a 

Selectively Sealable enclosure 130 having an Outer, insulated 
cover 132, and an inner, Sealable chamber 134 in which the 
heated components of the present invention preferably 
reside. When closure 134 is sealed, a temperature-controlled 
environment may be obtained there within. In Such a manner, 
consistent elevated-temperature chromatographic analysis 
may be achieved in the insulated enclosure 130. As illus 
trated in FIG. 7, enclosures 132 and 134 are each selectively 
Sealable, Such that exceSS heat may be quickly disseminated 
after analysis is completed. Further, access to specific chro 
matographic components for Service or cleaning may be 
easily obtained through the Selective closure means of the 
present invention. 

Exemplary overall chromatographic Systems incorporat 
ing the heating Systems of the present invention are illus 
trated in FIGS. 8 and 9. With reference to FIG. 8, a solvent 
delivery System including a liquid chromatography pump 
are utilized to inject Sample to the System of the present 
invention via an injection valve loop 202 and injection valve 
204. Through such a solvent delivery system, a metered flow 
rate of mobile phase is preferably provided to the heating 
System of the present invention. In the embodiment illus 
trated in FIG. 8, outlet mobile phase exiting heating System 
206 of the present invention is directed through an external 
counter-flow heat exchanger 212 prior to delivery to an 
HPLC detector 208 for desirably cooling the mobile phase 
before reaching the detector. External heat eXchanger 212 
may incorporate an independent fluid Stream for efficiently 
cooling the mobile phase. Such cooling is desired to protect 
Sensitive equipment in the chromatographic detector, which 
may be damaged by mobile phase having a temperature 
exceeding 100° C. To drive the external counter flow heat 
eXchanger 212, a pump or back preSSure regulator is pro 
vided to sustain sufficient mobile phase flow through the 
counter-current portion of the heat eXchanger 212. 
A further embodiment contemplated by the present inven 

tion includes directing inlet mobile phase through an exter 
nal counter-flow heat eXchanger 212 prior to delivery to 
injection valve loop 202 and injection valve 204. In such a 
manner, enhanced heat eXchange cooling may be obtained 
between the inlet and outlet mobile phase Streams, Such that 
the outlet mobile phase being directed to the chromato 
graphic detector is further cooled by exchanging heat with 
inlet mobile phase initially entering counter flow heat 
eXchanger 212 at ambient temperature. In Some 
embodiments, cooling coils 220 may be provided to 
adequately protect injection valve 204 from excessive 
mobile phase temperatures passing therethrough. Such cool 
ing coils 220 may include cooled water tubes, or other 
cooling fluids. 

In operation, the System of the present invention prefer 
ably receives mobile phase from an injection valve at a rate 
of between 1 milliliter per minute and about 20 milliliters 
per minute, and more preferably between about 3 milliliters 
per minute and about 10 milliliters per minute. Such mobile 
phase flow is driven by a liquid phase pump of typical 
construction. In Some embodiments of the invention, flow 
rates exceeding 20 milliliters per minute are envisioned, So 
long as adequate heating means are provided to elevate the 
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mobile phase temperature to a preferably Subcritical tem 
perature of at least about 100° C. prior to admission to the 
chromatographic column. The inlet mobile phase is prefer 
ably routed through a counter-flow heat eXchanger, wherein 
heat contained in outlet mobile phase is preferably trans 
ferred to the inlet mobile phase stream to thereby raise the 
temperature of the inlet mobile phase. The inlet mobile 
phase is then preferably directed through a pre-heater 
apparatus, wherein a conductive heating element is disposed 
at least partially circumferentially around the inlet mobile 
phase conduit. Heat generated by the pre-heater apparatus is 
preferably conductively transferred to the inlet mobile phase 
through the mobile phase conduit. 
The heated mobile phase is preferably directed into a 

chromatographic column apparatus having temperature Sta 
bilization means including a thermal shield heater which is 
capable of conductively transferring heat to the chromato 
graphic column. In preferred embodiments, however, the 
chromatographic column is maintained at a temperature 
Substantially equal to the temperature of the mobile phase at 
the column inlet, Such that temperature gradients experi 
enced by the mobile phase throughout its passage through 
the chromatographic column are minimized. In Such a 
manner, the chromatographic column maintains a Substan 
tially adiabatic environment between the column wall and 
the mobile phase passing therethrough. The elevated tem 
perature mobile phase exiting the chromatographic column 
is then preferably directed through a counter-flow heat 
eXchanger to disseminate heat contained within the outlet 
mobile phase to incoming mobile phase. 

In preferred embodiments of the present invention, one or 
more temperature Sensing means are positioned at various 
locations in the System to monitor respective temperatures, 
and to indicate Such temperature to power input control 
means, Such that the power input control means may adjust 
ably control power input to respective heat-generating 
devices in the System. 
A number of distinct advantages over existing Systems are 

introduced by the System of the present invention. A primary 
advantage brought about by the present invention is the 
capability of the present liquid chromatography System to 
heat and analyze Samples in mobile phases at temperatures 
exceeding 100 C., which temperatures are preferably Sub 
critical . At Such elevated temperatures, Solvents used in 
mobile phase Streams have Substantially lower Viscosities, 
Such that the mobile phase flow rate through the System may 
be correspondingly increased without detrimentally affect 
ing heat transfer or chromatographic analysis characteristics. 
By increasing mobile phase flow rate through the System, 
analysis time required in the System is also correspondingly 
reduced. Chromatographic analysis characteristics, 
however, are not detrimentally affected by the decrease in 
mobile phase residence time in the System because of the 
enhanced temperature effects on chromatographic resolu 
tion. Indeed, increased mobile phase temperature corre 
spondingly increases the theoretical plate count in respective 
chromatographic columns, Such that Separations may be 
adequately resolved in a shorter column distance. AS Such, 
the resolving power of a respective chromatographic column 
is increased proportionally with increased mobile phase 
temperature. Therefore, column length and analysis time 
may be Substantially reduced in an elevated-temperature 
environment without detrimentally affecting chromato 
graphic results. 

In addition to being advantageous to overall chromato 
graphic System configurations, elevated temperature chro 
matography may allow the increased use of water as a 
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Solvent in the mobile phase. In fact, at temperatures exceed 
ing 200 C., water may be used as the only solvent in the 
mobile phase, Such that economic and environmental ben 
efits over organic Solvents are realized. 
A particular advantage of the present invention is the 

minimization of energy input required to heat and maintain 
the mobile phase passing through the chromatographic Sys 
tem at a temperature of at least 100° C. In the present 
System, incoming mobile phase is preferably initially heated 
in a heat eXchange Zone, wherein elevated temperature outlet 
mobile phase is brought into thermal contact with the inlet 
mobile phase for conductive heat transfer therebetween. 
Such heat transfer raises the temperature of the inlet mobile 
phase So that energy input required by downstream instru 
ments is correspondingly reduced. The System of the present 
invention preferably utilizes a conductive pre-heater appa 
ratus for further elevating the inlet mobile phase to a desired 
temperature Set point at which the mobile phase is preferably 
maintained through downstream chromatographic columns. 
Once the temperature of the mobile phase has been elevated 
to the desired temperature Set points, the System of the 
present invention preferably utilizes temperature 
maintenance means at least partially Surrounding the chro 
matographic column, whereby a Substantially adiabatic 
environment is created between the column and the mobile 
phase passing therethrough. The adiabatic column design 
minimizes energy input required to the column because a 
Substantial portion of the thermal energy is provided by the 
mobile phase itself. Therefore, energy is only required to 
maintain the column at a specified temperature Substantially 
equal to that of the mobile phase. The adiabatic configura 
tion further minimizes temperature gradients within the 
chromatographic column, whereby the temperature of the 
mobile phase at the column inlet is Substantially equal to the 
mobile phase temperature exiting the column. Minimization 
of temperature gradients correspondingly optimizes resolu 
tion of chromatographic Separation obtained in the column. 
Therefore, the System of the present invention is configured 
to minimize the energy load necessary to conduct high 
temperature chromatographic analysis. 
A further advantage of the present invention is the utili 

Zation of one or more temperature Sensing devices located at 
various positions along the chromatographic apparatus, 
which Sensors are operably coupled to dynamically 
controlled power input control means for adjustably Setting 
the power input to respective heating means on an auto 
mated basis. Therefore, temperature Set points and mobile 
phase composition and flow rate information may be pre 
defined by System operators, and Subsequently carried out 
by the automated temperature control means of the present 
invention. In a particular application, a temperature Set point 
of the mobile phase exiting the pre-heater apparatus may be 
pre-defined at a value equal to, or greater than the tempera 
ture Set point defined throughout the chromatographic 
column, Such that heat losses from the mobile phase between 
the pre-heater apparatus and the column apparatus may 
thereby be accounted for. In Some embodiments, the tem 
perature Sensing means, in combination with the power 
input control means, allows System administrators to define 
and control System temperatures at various points through 
out the System. 
An additional advantage of the present invention is the 

utilization of a low-mass configuration, including reduced 
chromatographic column lengths and reduced heating Zone 
lengths while maintaining desired chromatographic charac 
teristics. Through Such a low-mass System, a decrease in 
power input is needed to increase mobile phase temperatures 
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to desired levels as compared to relatively higher-mass 
Systems. In an alternative embodiment, energy input to the 
low-mass System may be optimized to Substantially decrease 
the ramp-up time required to reach the desired temperature 
Set point. Heating elements Such as nickel-chrome tubing, 
which itself conveys the mobile phase, may be used to 
transfer the heating energy to more quickly heat the mobile 
phase. Such tubing may comprises materials other than the 
nickel-chrome combination, So long as the maSS and resis 
tivity values are consistent with rapid heating of the mobile 
phase passing there within. 
The invention has been described herein in considerable 

detail in order to comply with the patent Statutes, and to 
provide those skilled in the art with the information needed 
to apply the novel principles and to construct and use 
embodiments of the invention as required. However, it is to 
be understood that the invention can be carried out by 
Specifically different devices and that various modifications 
can be accomplished without departing from the Scope of the 
invention itself. 
What is claimed is: 
1. A System for conducting high-temperature chromato 

graphic analysis, comprising: 
(a) a mobile phase inlet conduit configured to operably 

convey mobile phase from a mobile phase Source to 
Said System; 

(b) a pre-heater apparatus operably coupled to said mobile 
phase inlet conduit for heating the mobile phase to a 
desired temperature; 

(c) a chromatographic column operably coupled to, and 
disposed downstream from, Said pre-heater apparatus 
Such that the mobile phase exiting said pre-heater 
apparatus is directed to Said column, Said chromato 
graphic column including insulation means for main 
taining Said column at a temperature consistent with the 
mobile phase passing therethrough; and 

(d) a mobile phase outlet conduit configured to operably 
convey the mobile phase from Said column, a portion of 
Said outlet conduit being disposed in propinquant rela 
tionship with a portion of Said inlet conduit in a heat 
eXchange Zone, Such that a counter-flow heat eXchanger 
is created between respective portions of Said inlet and 
outlet conduits in Said heat eXchange Zone, whereby 
heat contained in the outlet mobile phase is conduc 
tively transferred to the inlet mobile phase. 

2. A System as in claim 1 wherein Said pre-heater appa 
ratus includes a conductive heating element disposed adja 
cent to Said mobile phase inlet conduit. 

3. A System as in claim 2 wherein Said heating element is 
at least partially circumferentially disposed about Said 
mobile phase inlet conduit. 

4. A System as in claim 3 wherein Said pre-heater appa 
ratus includes insulative material disposed at least partially 
circumferentially around Said heating element. 

5. A System as in claim 1, including a first temperature 
Sensing means operably coupled to Said pre-heater apparatus 
for determining the temperature of the mobile phase exiting 
Said pre-heater apparatus. 

6. A System as in claim 5, including temperature control 
means operably coupled to Said first temperature Sensing 
means, Said temperature control means adapted to regulate 
power input to Said heating element, Such that the tempera 
ture of the mobile phase is maintained at a first pre 
determined Set point. 

7. A System as in claim 1, including temperature Stabi 
lizing means associated with Said column for maintaining a 
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Substantially adiabatic environment between Said column 
and the mobile phase passing therethrough, whereby the 
mobile phase Sustains a Substantially constant elevated tem 
perature throughout an entire length of Said column. 

8. A System as in claim 7 wherein Said temperature 
Stabilizing means includes a column heating apparatus for 
maintaining Said column at a Second pre-determined Set 
point. 

9. A System as in claim 8 wherein Said column heating 
apparatus is disposed at least partially circumferentially 
around Said column. 

10. A System as in claim 9, including internal and external 
insulation layerS encompassing Said column heating appa 
ratuS Such that Said internal insulation layer is disposed 
adjacent to, and circumferentially around Said column, and 
Said external insulation layer is disposed adjacent to and 
circumferentially around Said column heating apparatus. 

11. A system as in claim 8 wherein said first set point is 
Substantially equal to Said Second Set point. 

12. A System as in claim 8 wherein Said first Set point is 
higher than Said Second Set point. 

13. A System as in claim 1 wherein respective portions of 
Said inlet conduit and Said outlet conduit in Said heat 
eXchange Zone are retained in thermally conductive rela 
tionship by a thermally conductive Solder material. 

14. A System as in claim 1, including insulative material 
disposed at least partially circumferentially about respective 
portions of Said inlet and outlet conduits in Said heat 
eXchange Zone. 

15. A System as in claim 1, including one or more 
temperature Sensing means for determining temperatures at 
respective locations in Said System. 

16. A System as in claim 15 wherein one of Said tempera 
ture Sensing means is disposed at an outlet end of Said 
column for determining the temperature of the mobile phase 
exiting Said column. 

17. A System as in claim 15, including temperature control 
means operably coupled to Said temperature Sensing means 
and respective power input means, Said temperature control 
means being adapted to operably and dynamically adjust 
Such power input means So as to maintain desired tempera 
tures in Said System. 

18. A System as in claim 1, including mobile phase 
cooling means disposed between Said heat eXchange Zone 
and Said pre-heating apparatus for cooling the mobile phase 
to a desired temperature. 

19. A system as in claim 1 which is adapted to perform 
liquid chromatographic analysis above 200 C. 
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20. A method for analyzing liquid Samples in a high 

temperature chromatographic environment, comprising: 
(a) providing a mobile phase inlet conduit configured to 

operably convey mobile phase from a mobile phase 
Source to respective chromatographic instruments, 

(b) providing a pre-heater apparatus operably coupled to 
Said mobile phase inlet conduit for heating the mobile 
phase to a desired temperature; 

(c) providing a chromatographic column operably 
coupled to, and disposed downstream from, Said pre 
heater apparatus Such that the mobile phase exiting Said 
pre-heater apparatus is directed to Said column, Said 
column including insulation means for maintaining 
Said column at temperatures consistent with the mobile 
phase passing therethrough; 

(d) providing a mobile phase outlet conduit configured to 
operably convey the mobile phase from Said column, a 
portion of Said outlet conduit being disposed in ther 
mally conductive relationship with a portion of Said 
inlet conduit in a heat eXchange Zone, Such that a 
counter flow heat eXchanger is created between respec 
tive portions of Said inlet and outlet conduits in Said 
heat eXchange Zone, whereby heat contained in the 
outlet mobile phase is conductively transferred to the 
inlet mobile phase; 

(e) utilizing a mobile phase pump to inject mobile phase 
into Said mobile phase inlet conduit and through Said 
respective chromatographic instruments, 

(f) allowing heat to dissipate into the inlet mobile phase 
from the outlet mobile phase in Said heat eXchange 
Zone through conductive heat transfer; 

(g) further heating the inlet mobile phase in said pre 
heater apparatus to a first pre-determined temperature 
Set point; 

(h) chromatographically separating the liquid mobile 
phase in Said column at an elevated temperature of at 
least 200 C., which elevated temperature is maintained 
in a Substantially adiabatic State throughout an entire 
length of Said column; 

(i) cooling the outlet mobile phase exiting from Said 
column in Said heat eXchange Zone through conductive 
heat transfer to the inlet mobile phase; and 

(j) analyzing the separated mobile phase in an appropriate 
chromatographic detector downstream from Said heat 
eXchange Zone. 


